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Abstract 
Papain is a cysteine protease with wide substrate specificity and many applications. Despite its 
widespread applications, cold stability of papain has never been studied. Here, we used 
differential spectroscopy to monitor thermal denaturation process. Papain was the most stabile 
from 45ºC to 60ºC with ∆Gº321 of 13.9 ± 0.3 kJ/mol and Tm value of 84 ± 1ºC. After cold 
storage, papain lost parts of its native secondary structures elements which gave an increase of 
40% of intermolecular β-sheet content (band maximum detected at frequency of 1621 cm-1 in 
Fourier transform infrared (FT-IR) spectrum) indicating the presence of secondary structures 
necessary for aggregation. The presence of protein aggregates after cold storage was also proven 
by analytical size exclusion chromatography. After six freeze-thaw cycles around 75% of 
starting enzyme activity of papain was lost due to cold denaturation and aggregation of unfolded 
protein. Autoproteolysis of papain did not cause significant loss of the protein activity. Upon the 
cold storage, papain underwent structural rearrangements and aggregation that correspond to 
other cold denatured proteins, rather than autoproteolysis which could have the commercial 
importance for the growing polypeptide based industry. 
 
Keywords: papain, FT-IR, cold stability, cold denaturation, cold inactivation, aggregation  
 
  
3 
 
1. Introduction 
 
Papain is a cysteine protease (EC 3.4.22.2) with wide substrate specificity and many 
applications. It has been isolated from the latex of the papaya fruit. The preprotein consists of 
345 amino acids and it is secreted as zymogene [1]. After the cleavage of the activation peptide, 
the mature enzyme contains 212 amino acid residues organized in two domains. The N-terminal 
domain has mainly α-helical structure while C-terminal domain has antiparallel β-sheet fold [2].  
Papain is extensively used as meat tenderizer [3], in dental caries removal procedures [4], for 
preparation of clinically relevant antibody fragments [5], as a cell dissociation/debris removal 
agent [6], as a component in cosmetics [7] and detergents [8]. The main limitation in usage of 
proteolytic enzymes in many applications is their temperature stability, both at elevated 
temperatures and during freezing. It has been already shown that papain is stable at elevated 
temperatures with Tm value at 83 ± 1°C [9]. However, cold stability (especially after freezing 
and thawing) of papain has never been studied.  
During freezing and storage of proteins in frozen state, several factors can impact protein 
stability. Cold denaturation of globular proteins has been detected in several cases especially at 
high pressure [10-13]. Theoretically, cold denaturation should happen as a consequence of 
changes in interactions between water and protein molecules at low temperatures thus should 
represent a universal phenomenon. However, cold denaturation is difficult to study since most 
proteins have denaturation points below 0ºC [14]. Further, the denaturation of a protein during 
freezing could also occur as a consequence of changes in solute concentration due to ice 
formation and changes of pH value in the protein surrounding [15]. Freeze-thaw cycles are 
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routinely used as a tool to determine the combined effects of these different freezing related 
stresses on protein stability [15, 16]. 
The aim of this paper was to study cold storage stability of papain. We describe a significant loss 
of papain activity as a consequence of cold storage. This phenomenon could be of importance for 
industrial conservation of the enzyme since cold storage of papain leads to its denaturation and 
aggregation.  
 
2. Materials and methods 
 
2.1 Papain purification 
In order to remove inactive/denatured protein and low molecular weight compounds, papain was 
purified from commercial papain preparation (The British Drug House Ltd, London, England). 
Papain was extracted from dry powder with 100 mM Tris buffer pH 8 containing 100 mM NaCl 
and 1 mM ethylenediaminetetraacetic acid disodium salt (EDTA) for 30 minutes at 10°C. Extract 
was centrifuged for 15 minutes at 4000 x g at 10 °C and obtained supernatant was further used. 
Papain was precipitated from supernatant by addition of 2 volumes of ice cold acetone followed 
by incubation at -20ºC for 30 minutes. The precipitate was separated by centrifugation at 10 000 
x g for 5 minutes at 4ºC, dried and resuspended in 100 mM Tris buffer pH 8 containing 100 mM 
NaCl and 1 mM EDTA for further purification. Covalent chromatography was performed on 
Thiol-Sepharose 4B (GE Healthcare, Uppsala, Sweden). Matrix was equilibrated in 100 mM Tris 
buffer pH 8.0 containing 100 mM NaCl and 1 mM EDTA (20 column volumes (CV)) first, then 
the sample was applied. Unbound proteins were eluted with 20 CV of 100 mM Tris buffer pH 8 
containing 100 mM NaCl and 1 mM EDTA, while bound protein was eluted by addition of 10 
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mM L-cysteine to the starting buffer. The homogeneity of purified protein was analyzed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The activity was 
analyzed by zymography and Nα-Benzoyl-L-arginine 4-nitroanilide hydrochloride (BAPNA) 
hydrolysis. Concentration of the purified protein was determined using Bradford method. Bovine 
serum albumin (BSA) was used as standard [17]. 
 
2.2 SDS PAGE and zymogram 
For in gel analysis of proteolytic activity detection papain was resolved under reducing 
conditions in a discontinuous buffer system SDS-PAGE with a 4% stacking gel and 12% 
resolving gel in a Hoefer Dual Gel Mighty Small SE 245 vertical electrophoresis system (Hoefer, 
Holliston, USA) according to Laemmli [18]. The amount of 2.5 µg/mm of the protein was 
applied on the gel. To detect proteolytic activity of papain after SDS–PAGE, zymograms were 
developed according to Felicioli et al. [19] with some modifications. Briefly, after incubation in 
non reducing sample buffer (1 h at 60°C and 5 minutes at 95°C), protein samples were applied 
onto a 12% resolving gel co-polymerized with 0.1% gelatin for SDS–PAGE analysis. After 
electrophoresis, the gel was incubated in a 100 mM Tris, pH 8 with 100 mM NaCl 1 and mM 
EDTA for 16 h, followed by staining with Coomassie Brilliant Blue R-250 (CBB) (Serva, 
Heidelberg, Germany). 
 
2.3 Trypsin mass fingerprinting 
Protein spot was excised from CBB stained gel to perform in-gel trypsin digestion according to 
the manufacturer instructions. Obtained peptides were injected onto a reversed phase C18 
column (ACQUITY UPLC BEH 130, 1.7 µm, 2.1 x 50 mm, Waters, Milford, MA, USA) 
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installed on Acquity ultra-performance liquid chromatography (UPLC) system (Waters, Milford, 
MA, USA) and separated using acetonitrile gradient (0-50% for 40 min with 0.1% formic acid). 
After detection with photodiode array (UV) at 280 nm mass spectra were recorded on triple-
quadrupole mass spectrometer (ACQUITY TQD, Waters, Milford, MA, USA) in positive ion 
mode with capillary voltage of 3 kV and drying gas flow rate of 8.3 L/min at 250ºC. The scan 
range was set from 400 to 2000 m/z. The peptide masses were searched against the SwissProt 
protein sequence database using the MASCOT program. 
 
2.4 Differential UV Spectroscopy 
UV absorbance measurements were performed on Evolution 300 spectrophotometer (Thermo 
Fisher Scientific, Madison, USA) using matched 1 cm path length quartz cuvettes. The 
spectrophotometer was equipped with an electrothermal temperature controller which provides 
thermal programmability for the multiple cell units so that the absorbance measurements can be 
performed directly as a function of temperature. Spectra of native (room temperature) or 
thermally denatured papain (99°C) were recorded from 230 nm to 300 nm in 50 mM Tris buffer 
pH 8.0. Papain concentration was 1 mg/mL. Spectra of buffer only served as a blank. 
Equilibrium thermal unfolding of papain was monitored by recording absorbance at 230, 267 and 
286 nm as a function of temperature over the appropriate temperature range (5-99°C). The UV 
difference spectrum was calculated by subtraction of absorbances of fully native and fully 
denatured papain at all wavelengths in the recorded region as described by Hatley and Franks 
[20]. The wavelength 267 nm was chosen for further analysis as the maximal difference between 
the denatured and the native protein spectra was observed at this wavelength. The heating rate 
was 0.5°C min-1. 
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Using UV spectroscopy we were able to calculate Gibbs free energy (∆Gº) of papain 
denaturation at different temperatures. Fraction of thermally denatured papain (Fd) was 
calculated using equation: 
Fd=(YN−Yobs)×(YN −YD)–1                [1] 
In the given equation Yobs represents the observed value of absorbance, while YN and YD 
represents absorbance values characteristic of fully native and fully denatured papain, 
respectively.  
From the following equation, equilibrium constant of the process (K) could be obtained: 
K=Fd(1–Fd)–1                  [2] 
Calculated values for Fd and K were further used for Gibbs free energy calculation according to 
the following equation: 
∆Gº=–RTlnK                  (3) 
Where R is universal gas constant and T is the absolute temperature [21].  
 
2.5. Differential scanning calorimetry (DSC) 
All thermograms were acquired on a DSC Q1000 series (TA Instruments, New Castle, 
Delaware) with an auto sampler and a refrigerated cooling system (RCS, TA Instruments). 
Approximately 7 mg of the protein solution (10 mg/ml) in 50 mM Tris buffer pH 8.0 was 
weighed into an aluminum pan and hermetically sealed with an aluminum cover. Reference pan 
was filled with adequate weight of buffer solution. Sample was equilibrated on 10°C and then 
heated to 90°C at a heating rate of 1°C/min. Temperature maximum (Tm) of the endothermal 
transition corresponding to protein denaturation was determined by TA Instruments Universal 
Analysis 2000 software (version 4.1D). 
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2.6 Papain activity measurement 
Biological activity of purified papain was tested using BAPNA (Sigma-Aldrich, Steinheim, 
Germany) as a substrate in a 96-well microtitre plate (Sarstedt, Numbrecht, Germany) as 
described in Raskovic et al. [22] with some modifications. Briefly, 100 µL substrate solution 
(1mM BAPNA in 100 mM Tris buffer pH 8.0 with 1 mM EDTA and 10 mM L-cysteine) was 
mixed with aqueous papain solution (25 µL) incubated at 25°C. After 60 min the reaction was 
stopped by the addition of glacial acetic acid and the absorbance at 405 nm was measured. 
 
2.7 Freeze-thaw cycles 
One hundred microliters of purified papain was frozen at -20°C in 1.5 mL centrifuge tubes. After 
one hour the samples were thawed at the room temperature. Freeze-thaw cycles were repeated up 
to six times. Relative activity of papain was determined after each cycle as activity remaining in 
the sample. Starting activity detected in the sample was considered as 100%. All experiments 
were repeated three times. 
 
2.8 Autoproteolysis measurement 
Autoproteolysis was measured as described previously [23] with some modifications. To test the 
autoproteolysis 10 µL of 0.2 mg/mL papain solution was used. An aliquot was immediately 
tested for autoproteolysis. Solutions were subjected to 6 freeze-thaw cycles as already described. 
After each cycle, an aliquot (10 µL) was mixed with 200 µL of CBB (0.125% Coomassie 
Brilliant Blue G-250 in 24% ethanol and 48% phosphoric acid). After 5 minutes, the absorbance 
at 620 nm was measured. The assay was performed in triplicate.   
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2.9 Reverse-phase chromatography analysis of autoproteolytic products 
Reverse-phase chromatography of the untreated papain and freeze-thawed papain samples at 
concentration 1 mg/mL was performed using an Äkta Purifier 10 System (GE Healthcare, 
Uppsala, Sweden) on a Discovery® BIO Wide Pore C5-5 10 cm × 4.6 mm, 5µm (Supelco, 
Bellefonte, PA, USA) column. The protein was eluted using an acetonitrile gradient (0-90% for 
10 column volumes with 0.1% trifluoroacetic acid).  
 
2.10 Secondary structures determination - Fourier transform infrared spectroscopy 
Infrared spectra were recorded for all: native, thermally treated (5 minutes at 95°C) and cold 
stored papain (freeze-thawed for 6 times) using Fourier transform infrared spectroscopy (FT-IR) 
with an attenuated total reflectance (ATR) at 1 cm-1 resolution (Nicolet 6700 FT-IR, software 
OMNIC, Version 7.0, Thermo Scientific, USA). Concentration of the solution of papain samples 
was 10 mg/mL. Ten microliters of these solutions were applied onto a Smart accessory with 
diamond crystal (Smart Orbit, Thermo Scientific, USA). Solvent was evaporated by the nitrogen 
stream in order to obtain thin ATR film. For each spectrum, 64 scans were collected. The 
spectrum of the buffer was subtracted from the spectrum of protein since it is known to interfere 
with the protein absorbance in the amide I region. After subtraction, spectrum was smoothed in 
order to remove the noise (factor of 6.75 cm–l). Criteria for the correctness of subtraction were 
removal of the band near 2200 cm–1. The region between 1700 cm–1 and 1600 cm–1 (the amide I 
region) was fitted. The procedure of curve-fitting was used to decompose the original amide I 
spectra to its Gaussian–Lorentzian curve constituents that would be assigned to certain structural 
features. The contribution of each curve to the amide I band was assessed by integrating the area 
under the curve, and then normalizing it to the total area under the amide I band. 
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Assignment of secondary structures for all the observed peaks was done according to previously 
published guidelines [24-27]. 
 
2.11 Monitoring of aggregation and estimation of molecular weight of papain by size 
exclusion chromatography 
Analytical size exclusion chromatography was performed using Äkta Purifier 10 System (GE 
Healthcare, Uppsala, Sweden) on Superdex 75 PC 3.2/30 column. Column was equilibrated with 
100 mM Tris buffer pH 8 containing 100 mM NaCl and 1 mM EDTA. Papain solution (10 µL, 
concentration 1 mg/ml) was applied to the column at flow rate 0.05 µL/min. The calibration of 
the column was performed using the mixture of gel filtration molecular weight standards (1 
mg/mL each): bovine serum albumin (67 kDa), carbonic anhydrase (29 kDa), cytochrome c (14 
kDa) and aprotinin (6.5 kDa) (Sigma-Aldrich, Steinheim, Germany). To determine void volume, 
blue dextran (Sigma-Aldrich, Steinheim, Germany) was used. 
Elution volume of molecular weight standards was used to create calibration chart (Ve/Vt= f (log 
Mw)). Molecular weight of papain was estimated from the calibration chart. 
 
3. Results 
 
3.1 Papain purification  
Due to interference of low molecular weight contaminants in spectroscopic methods [28], we 
first sought to purify papain. Acetone precipitation and covalent chromatography were used for 
the purification of papain from commercial preparation. Protein concentration was determined 
using Bradford method, while activity was monitored with BAPNA as a substrate. Acetone 
  
11 
 
precipitation did not cause loss of activity since specific activity remained the same (1.2 U/mg) 
as in crude papain extract (Table 1). 
 
However, pigments and low molecular weight contaminants were removed rendering the papain 
solution colorless. Covalent chromatography enabled further purification of the protein, 7.9 times 
when compared to the starting sample (Table 1, Fig. 1A). 
Purification and activity was also monitored by SDS-PAGE and zymogram (Fig. 1B). Samples 
incubated at 60°C retained activity while it was lost in the samples incubated at 95°C. Slower 
migration of papain was visible in all the bands incubated at 60°C in comparison to those 
incubated at 95°C. 
 
3.2 Papain identification by TMF 
After SDS-PAGE and CBB staining of protein isolated by acetone precipitation and covalent 
chromatography, we identified the isolated protein by proteomic analysis after trypsin digestion. 
According to Mascot, protein scores greater than 70 were considered as significant (p<0.05). 
Papain was identified by 12 matching peptides, with sequence coverage of 27%, as the only 
significant hit (Mascot score was 116) (Fig. 1C). 
 
3.3 Thermal denaturation of papain 
In UV absorption spectra from 255 nm to 300 nm (Fig. 2A) a clear difference between native and 
denatured molecule of papain was observed. Absorption extinction coefficient (ε) maximum of 
native molecule was at 279 nm (58.332cm-1mM-1), while it was shifted toward shorter 
wavelengths for the denatured molecule (275nm, 63.855 cm-1mM-1). 
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For observing differences in UV spectra between native and denatured molecule a differential 
UV spectra was calculated (Fig. 2B) as described by Hatley and Franks [20]. The greatest 
difference in the extinction coefficient was observed at 267 nm and it was ∆ε = -8.912 cm-1mM-1. 
This wavelength was used for monitoring papain denaturation in further experiments. 
In order to examine thermal denaturation curve of papain, absorbance at 267 nm was observed in 
temperature range from 5-99ºC. Papain was incubated at given temperature for 2 minutes before 
the measurement was performed. Percentage of native structure was expressed in relation to A267 
at 57ºC (Fig. 2C). Papain is the most stabile from 45ºC to 60ºC, with the maximum at 57ºC, as 
observed from the denaturation curve. From 60ºC to 95ºC percent of native structure is reduced 
from 99.5% to only 0.5%. In a part of the curve below 45ºC reduction in percent of native 
structure can be noted as well, and at 5ºC, 15% reduction was observed.  
Thermal denaturation Tm value is determined to be 84 ± 1ºC. The same value was determined by 
differential scanning calorimetry (Supplementary Fig. 1).  
Thermodynamics parameter (∆Gº) of papain denaturation process was calculated for 5ºC, 25ºC, 
48ºC and 60ºC as described in Yousefi et al. [21]. Results are presented in Table 2. 
 
3.4 Cold storage stability of papain 
Activity of papain after cold storage at -20ºC was observed using BAPNA as a substrate (Fig. 3). 
Residual activity was determined after each of 6 freeze and thaw cycles. After 6th cycle about 
75% of activity was lost. 
 
3.5 Papain autoproteolysis 
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Papain autoproteolysis during 6 freeze-thaw cycles was monitored using an assay based on CBB 
binding (Fig. 4A) and to estimate the damage to papain, reverse phase high performance liquid 
chromatography (RP-HPLC) was performed (Fig. 4B).  
We did not detect significant autoproteolysis of papain both in the CBB-binding based assay and 
in RP-HPLC.  
 
3.6 Secondary structure determination 
Infrared data were obtained for all: native, thermally treated and cold stored papain. The changes 
in the Savitzki-Golay second derivative spectra (amide I region) are presented in Fig. 5.  
In the second derivative spectrum of native papain several important bands could be observed, 
especially in the region that could be attributed to most important ordered secondary structures 
with the maxima at frequencies 1630, 1641, 1648, 1659, 1671, 1673, 1683  and 1697 cm-1 (Fig. 
5A). The most prominent change in the second derivative spectrum of thermally treated papain 
(Fig. 5B) is the disappearance of 1648 cm-1 band that could be attributed to α-helix [24]. The 
second derivative spectrum of cold stored papain differed from native papain spectrum since the 
most prominent maximum is shifted to 1621 cm-1 indicating the presence of intermolecular β-
sheet (Fig. 5C) [26, 27]. 
After decomposition of amide I region of the FT-IR spectra (Fig. 6), peaks were assigned to 
specific secondary structures (Table 3), and the relative percentage of each secondary structure 
was calculated using the contribution of integrated intensities of bands (areas) to the total amide I 
band area. The content of secondary structures in X-ray determined tertiary structure of papain 
was calculated from UniProt data bank entry (P00784 (PAPA1_CARPA)).  The results are 
presented in Table 4. 
  
14 
 
The weak 1610-1614 cm-1 band contribution in native state and thermally denatured protein that 
arises from side-chain vibration [26] was not included in secondary structure estimation. It had 
also been substracted form the overlapping band at 1618-1623 cm-1. 
 
Goormaghtigh et al. assigned frequencies 1660-1670 cm-1 in native papain spectrum to turn 
structures [24]. Hovewer, the study of Vedantham et al. [25] showed that bands at frequencies 
1665-1676 cm-1 correspond to unordered helix. In this work, assignment of 1672 cm-1 band to 
unordered helix (Table 3) rather to the turn structure provides better concurrence of estimated 
secondary structure content of the native papain to the content calculated from X-ray data (Table 
4) then the one presented before [24].   
Thermal denaturation of papain led to increase in content of β-sheet structures and to decrease of 
α-helix and unordered structures. Nevertheless, the most pronounced changes in native-like 
content of secondary structures are induced by papain cold storage (Table 4).  
 
3.7 Aggregation of papain during cold storage 
Aggregation of cold stored papain was monitored by size exclusion chromatography. The 
chromatogram of native papain reveals one major peak of molecular weight 24.0 kDa. In the 
chromatogram of cold stored protein, peak representing native papain was smaller, while the 
majority of protein present in the sample eluted in the void volume of the column (Fig. 7).  
 
4. Discussion 
 
To investigate papain stability after cold storage, we first purified commercial papain in order to 
remove inactive protease and low molecular weight substances that could interfere with 
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spectroscopic methods. Differential spectroscopy (Fig. 2C, Table 2) and SDS-PAGE 
zymography (Fig. 1B) showed that papain was stable at elevated temperatures (up to 60ºC). Shift 
in SDS-PAGE mobility of the native (and active) papain in comparison to denatured one could 
be explained as a consequence of papain resistance to SDS denaturation. Since, SDS binding to 
the native molecule of papain was decreased, papain was not completely denatured and its net 
negative charge was decreased, so shift in SDS-PAGE mobility was very pronounced when 
compared to completely denatured protein [29]. At 95ºC, high temperature contributes to the 
denaturation of papain so the protein become completely linearized and fully covered with SDS, 
which affected its electrophoretic mobility. In addition, molecular weight of the native enzyme 
determined by size exclusion chromatography confirmed that papain was in a form of monomer, 
excluding possible oligomerization under native conditions (Fig. 7). 
In UV region from 230 nm to 300 nm aromatic amino acids are absorbing and their extinction 
coefficients are largely dependent upon their mobility and their environments. This is affected by 
the conformation of the protein, and in native molecule aromatic amino acid residues are usually 
placed inside hydrophobic core of the protein. During denaturation their extinction coefficient 
changes consequently affecting the spectra of the entire protein. Differential UV spectrometry 
has been extensively used in studying protein denaturation [30-32]. 
The overall problem in monitoring of cold denaturation of proteins is present due to ice 
formation at low temperatures which interfere with standard methods used for monitoring protein 
denaturation [14]. However, we were able to capture the beginning of cold denaturation process 
using differential spectroscopy. The validity of this approach was proven by Tm value 
determined for the papain denaturation at elevated temperatures, which is comparable to the 
previously published one (Fig. 2C). Sathish et al. has recently reported Tm value of 83 ± 1ºC for 
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papain determined by differential scanning calorimetry [9], which is in good agreement with the 
value that we determined by both methods. In this part of the denaturation curve cooperative 
denaturation mechanism can be clearly observed. Cold denaturation could also be monitored by 
measuring A230 (data not shown) as recently described [32]. However, we were unable to capture 
cold transition point using differential scanning calorimetry (Suppl. Fig. 1). 
Renaturation curves were also recorded but no significant change in the extinction coefficient 
was detected, so we concluded that thermal denaturation process is irreversible (data not shown). 
It is well known that papain family of proteases are secreted as zymogens, thus the cleavage of 
the activation peptide could affect papain renaturation [2] especially as propeptide can play a role 
of intramolecular chaperonin ensuring the correct folding of the molecule [33]. 
FT-IR spectroscopy is well established method for the analysis of protein secondary structure. 
The mostly used spectral region for secondary structure analysis is amide I band (frequency 
limits: 1600 – 1700 cm-1), which is due almost entirely to the C=O stretch vibrations of the 
peptide bonds [34]. Recent studies showed that specific low frequency bands present in the 
amide I region of FT-IR second derivate spectrum appear when analysed proteins tend to 
aggregate. Several authors reported that frequencies 1614 - 1624 cm-1 and above 1684 cm-1 are 
aggregation specific frequencies, and they appear due to the formation of intermolecular 
antiparallel β-sheets prior to aggregation [26, 27, 35]. Two peaks at the frequency as low as 1621 
cm-1 and as high as 1695-1698 cm-1 that could be observed in the spectrum of thermally treated 
and cold stored papain (Fig. 6B and Fig. 6C, respectively) we assigned to aggregation specific 
intermolecular antiparallel β-sheet. However, we detected similar bands in the spectrum of native 
papain as well, but their contribution was in total 6.2% in comparison to 21.3% and 46.2% of the 
total amide I area found in the case of thermally treated and cold stored papain, respectively 
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(Table 4). The presence of papain aggregates formed upon cold storage was confirmed by 
analytical size exclusion chromatography (Fig. 7). Just a minor portion of native papain could be 
detected in the chromatogram of cold stored protein explaining such a dramatic activity loss after 
six freeze-thaw cycles (Fig. 3). Monitoring of papain autoproteolysis by CBB binding and RP-
HPLC (Fig. 4) suggests that detected inactivation of 75% (Fig.3) cannot be attributed to papain 
autoproteolysis.  
A theory behind denaturation of proteins in the frozen state claims destabilization of protein 
native structure since hydrophobic interactions become weaker with decreasing temperature 
which leads to the exposure of non-polar residues to water accounting for unfolding [36]. Several 
authors had reported the increase of β-sheet content in cold denatured proteins compared to the 
native ones [37, 38]. Furthermore, computer simulations have shown that this could be related to 
formation of a thin layer of water around non-polar residues that is favourable at low 
temperatures. This thin layer can be accommodated between residues that form β-sheet structures 
but not α-helix [39, 40]. Since cold denatured states tend to favour the formation of β-sheets 
which are building blocks of fibril-like aggregates [41] it could be of importance for protein 
activity loss during thawing or lyophilisation.  
Denaturation and aggregation of proteins during cold storage, especially the ones with 
commercial application is of particular concern to ever growing polypeptide based industry [42]. 
Despite of general belief that the activity loss detected upon the cold storage of proteases 
happens as a consequence of autoproteolysis, in this work it is undoubtedly shown that upon the 
cold storage papain underwent structural rearrangements and aggregation that correspond to 
other cold denatured proteins, rather than autoproteolysis.  
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Studying cold stability of industrially important proteases, including papain, could lead to 
development of better preservation methods (the usage of cryoprotectants) and prolonged shelf 
life. 
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Figure legends 
 
Figure 1. A) Chromatographic separation of papain on Thiol-Sepharose column. Column was 
equilibrated with 100 mM Tris buffer pH 8.0 containing 100 mM NaCl and 1 mM EDTA (Buffer 
A) followed by elution with the same buffer containing 10 mM cysteine (Buffer B). 
Chromatography was run with a flow rate of 0.8 mL/min. B) SDS-PAGE analysis and activity 
staining towards gelatin of each fraction collected during papain purification: 1 – starting 
commercial papain extract, 2 – acetone precipitate, 3 - thiol-Sepharose chromatography bound 
protein and M – molecular weight markers; C) Peptide mass fingerprint of the isolated papain, 
identified peptides are bolded and underlined. 
 
Figure 2. A) UV absorption spectra from 255 nm to 300 nm of native papain (black line) and 
denatured papain (grey line); B) Differential UV absorption spectrum; C) Thermal denaturation 
curve of papain incubated at lowered and elevated temperatures. For creating the curve A267 was 
monitored as a function of temperature over the appropriate temperature range (5-99 °C). The 
heating rate was 0.5 °C min-1. The percentage of native structure was calculated as the 
percentage of maximal change of the extinction coefficient (∆ε). 
 
Figure 3. Activity of papain during six freeze–thaw cycles. Activity of starting papain sample (C) 
is considered as 100%, and the measured activity after each freeze–thaw cycle (1X – 6X) is 
expressed as a percent of starting activity. Data represent the mean of three separate experiments. 
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Figure 4. A) Autoproteolysis of papain during 6 freeze-thaw cycles. The absorbance of each 
sample is shown as a percentage of the initial absorbance. B) RP-HPLC of of native (black line) 
and cold stored papain (grey line). 
 
Fig. 5. Second derivative FT-IR spectrum of: A) native papain; B) thermally treated papain and 
C) cold stored papain. 
 
Fig. 6. A) The original and curve-fitted FT-IR spectrum of: A) native papain; B) thermally 
treated papain and C) cold stored papain. 
 
Figure 7. Size exclusion chromatograpy analysis of native (black line) and cold stored papain 
(grey line). BD, BSA, CA, CC and A - gel filtration molecular weight standards (blue dextran 
2,000 kDa, bovine serum albumin 67 kDa, carbonic anhydrase 29 kDa, cytochrome c 14 kDa and 
aprotinin 6.5 kDa, respectively). 
 
Supplementary Figure 1. DSC thermogram of papain in 50 mM Tris buffer pH 8.0. 
  
  
  
  
  
  
  
  
Table 1. Purification of papain. 
 Activity (U/mL) 
Protein 
concentration, 
(mg/mL) 
Specific activity, 
(U/mg) 
Purification 
degree 
Crude extract 83.3 ± 0.5 15.3 ± 0.2 1.13 1 
Acetone 
precipitation 
73 ± 1 13.6 ± 0.5 1.12 0.99 
Covalent 
chromatography 
3.9 ± 0.1 0.091 ± 0.002 9.0 
 
7.9 
 
 
 
  
Table 2. The Gibbs free energy change (ΔGº) of thermal stability of papain.  ΔGº was calculated 
from the equation ΔGº = - RTlnK where R is the universal gas constant and T is the absolute 
temperature. 
 ΔGº278 (kJ/mol) ΔGº298 (kJ/mol) ΔGº321 (kJ/mol) ΔGº333 (kJ/mol) 
     
Papain 3.2 ± 0.1 7.5 ± 0.3 13.9 ± 0.3 12.5 ± 0.4 
     
 
  
Table 3. Assignments and relative band areas of Amide I components of native, thermally treated 
and cold stored papain. Relative band areas were determined by curve-fitting analysis.  Inter – 
intermolecular; Intra – intramolecular β-sheet. 
Native  
papain 
Thermally treated 
papain 
Cold stored  
papain 
 
ν (cm-1) Area (%) ν (cm-1) Area (%) ν (cm-1) Area (%) Assignment 
1623 3.6 1618 9.1 1621 38.7 Inter/Intraβ [24-27] 
1630 22.8 1628 27.2 1629 19.2 Inter β-sheet [24] 
1641 19.8 1641 9.7 1639 11.7 Random coil [24] 
1648 10.8 - - 1648 3.4 α-helix [24] 
1659 21.3 1653 20.6 1659 10.7 α-helix [24] 
1672 9.9 1974 8.2 - - Unordered helix 
[25] 
1683 8.5 1663 13.0 1683 8.8 Turn [24] 
1697 3.3 1698 12.2 1695 7.5 Inter/Intraβ [24-26] 
 
 
  
Table 4. Fitted values for the secondary structures present in the native, thermally treated and 
cold denatured papain determined by ATR FT-IR spectroscopy and secondary structure contents 
calculated from X-ray analysis.  
Papain sample  Secondary structure content (%) 
 β-sheet α-helix Unordered 
structures 
Turn Inter/Intramolecular  
β-sheet 
RMS 
error 
Native  22.8 32.1 29.7 8.5 6.2 3.5 
Thermally 
treated  
27.2 20.6 17.9 13.0 21.3 0.1 
Cold stored  19.2 11.7 14.1 8.8 46.2 1.4 
X-ray 25 26 42 7 - - 
 
  
  
Highlights 
 Papain was the most stabile from 45 to 60ºC with ΔGº321 13.9 kJ/mol and Tm value 84ºC 
 Cold storage of papain gave an increase of 40% of intermolecular β-sheet content 
 Six freeze-thaw cycles induced 75% activity loss due to denaturation and aggregation 
 Autoproteolysis of papain did not cause significant loss of the protein activity 
 
